We demonstrate the generation of a low-noise, octave-spanning mid-infrared supercontinuum from 1700 to 4800 nm by injecting femtosecond pulses into the normal dispersion regime of a multimode step-index chalcogenide fiber with 100 µm core diameter. We conduct a systematic study of the intensity noise across the supercontinuum spectrum and show that the initial fluctuations of the pump laser are at most amplified by a factor of three. We also perform a comparison with the noise characteristics of an octave-spanning supercontinuum generated in the anomalous dispersion regime of a multimode fluoride fiber with similar core size and show that the all-normal dispersion supercontinuum in the multimode chalcogenide fiber has superior noise characteristics. Our results open up novel perspective for many practical applications such as long-distance remote sensing where high power and low noise are paramount.
Supercontinuum (SC) generation in the midinfrared has attracted significant interest over the past decade due to its wide range of potential applications from tissue imaging [1] [2] [3] and spectroscopy [4, 5] to defense and security [6] . Supercontinuum sources are generally optimized in terms of spectral coverage or power for a particular application, but their noise characteristics are also of particular significance as large pulse-to-pulse fluctuations can severely degrade the performance and reduce the achievable resolution and contrast e.g. in sensing or imaging [7] [8] [9] . Pulse-to-pulse instabilities in SC generation arise from nonlinear amplification dynamics of the input pulse fluctuations. These dynamics depend on various parameters including the pump pulse wavelength, energy, and duration [10] [11] [12] , such that by carefully selecting the pump pulse characteristics one can in principle reduce the SC fluctuations [13] . More specifically, when pumping in the anomalous dispersion regime, intensity (and phase) fluctuations can be minimised using short pump pulses with femtosecond duration to seed the initial spectral broadening dynamics from the pump spectral components. In the case of longer pump pulses (typically few hundred femtosecond and be-yond), the broadening mechanism is triggered by the noise present on top of the input pulse, which leads to significant shot-to fluctuations and generally high intensity noise.
The generation of a broadband supercontinuum in the mid-infrared requires using fibers made of soft glass with attenuation much lower than that of silica-based fibers, and in recent years there have been many studies of SC generation in fluoride [14] , chalcogenide [15] [16] [17] [18] , multi-compound glasses [19] [20] [21] and other type of soft glass fibers [22] . Most of these studies, however, use single-mode photonics crystal fibers or tapered fibers with small core size to enhance the nonlinearity and engineer the dispersion properties, thereby limiting the injected power due to the low damage threshold of soft glasses. For mid-infrared applications where high power is especially crucial due to the lack of sensitive detectors, the possibility to generate a broadband SC in multimode fibers with larger core enabling to inject more power has recently attracted attention [23] [24] [25] [26] [27] . These studies typically use anomalous dispersion pumping as this particular regime has been shown to yield the broadest SC spectra [28, 29] . However, this regime is also particularly sensitive to noise amplification dynamics, leading to large shot-to-shot intensity fluctuations [28] [29] [30] and the development of high-power broadband mid-infrared SC sources with low noise is thus still challenging.
Here, we report the generation of a low noise, octave-spanning, mid-infrared supercontinuum in a multimode chalcogenide fiber using an allnormal dispersion pumping scheme. The allnormal pumping approach has the advantage to be less sensitive to noise amplification dynamics than the anomalous dispersion regime as the spectral broadening mechanism in this case arises mainly from self-phase modulation (SPM) allowing to preserve high stability even with few hundred femtosecond pump pulses [28, 29, 31] . We perform a systematic study of the noise performance by measuring the pulseto-pulse intensity fluctuations in different wavelength bands across the SC spectrum and we compare the results with the noise characteristics measured for an octave-spanning supercontinuum generated in the anomalous dispersion regime of a multimode fluoride fiber with similar core size and length. Our study shows that pumping in the normal dispersion regime leads to the generation of a SC with significantly reduced noise level and opens novel perspectives for the generation of high-power broadband mid-infrared SC sources for applications such as remote sensing where the stability and power are more important than the beam profile.
The experimental setup is shown in Fig. 1 . Using an anti-reflection (AR) coated Si planoâĂŞconvex lens with 10 cm focal length, we inject 350 fs pulses (FWHM) from an optical parametric amplifier (OPA) at a repetition of 1 MHz into a 1-m long step-index As 2 S 3 multimode fiber (IRflex, IRF-S-100) with numerical aperture and diameter of NA=0.30 and 100 µm, respectively. The OPA wavelength is tuned to 3500 nm which is located in the normal dispersion regime of the fiber. The SC spectrum is measured with an optical spectrum analyzer (OSA, ANDO AQ6317B) for wavelengths in the 1000-1750 nm range and the combination of a monochromator (DK 480) and lock-in detection for wavelengths beyond 1700 nm. A maximum throughput of 60% (calculated as a ratio of output to input power, and including coupling efficiency and attenu- In order to characterize the SC pulse-to-pulse intensity fluctuations, the same monochromator was used to select wavelength-channels in narrow spectral bands of 6 nm bandwidth (experimentally measured during the calibration process of the monochromator). Light from the monochromator output was focused into a photodetector using MgF 2 planoâĂŞconvex lens with 5 cm focal length and the electrical signal was recorded with a 9 MHz photodetector (InAsSb; PDA07P2) and 1 GHz real-time oscilloscope (LeCroy WaveRunner 6100A). Note that lock-in detection is removed for the intensity noise characterization to allow for shot-toshot intensity measurements. Figure 2 shows the normalized spectrum measured at the output of the 1-m long multimode As 2 S 3 fiber for a pump pulse peak power of 380 kW. The SC spectrum corresponds to an average output power of 145 mW and spans from 1700 nm to 4800 nm (-30 dB bandwidth) with relatively flat spectrum (<10 dB variation) in the 2200-4500 nm range. The dip in the spectrum at around 4200 nm is caused by the fiber glass attenuation at this particular wavelength.
We performed numerical simulations of the dispersion profile associated with the fundamental and selected higher-order modes of the multimode As 2 S 3 fiber. As can be seen in Fig. 3 , the zero-dispersion wavelength of the fundamental mode is located at 5000 nm (close to that of the bulk glass) while that of higherorder modes decreases towards shorter wave-length with the mode order. Although we only show here selected the higher-order modes dispersion profiles, even for a higher mode order the zero-dispersion wavelength is still located above 3500 nm such that the SC is essentially generated in the normal dispersion regime with the dominant spectral broadening mechanism being self-phase modulation. This regime is less susceptible to noise amplification compared to anomalous dispersion pumping as modulation instability and bright soliton dynamics do not occur in normal dispersion and this is indeed reflected in the spectral histogram of the intensity fluctuations shown in Fig. 4 measured in different wavelength bands for 5000 consecutive pulses.
The fluctuations can be quantified by the coefficient of variation (CV) defined as the ratio of the intensity standard deviation to the mean intensity. One can see that the fluctuations in the SC spectrum are minimal in the central part from 3000 to 3500 nm with an increase by only a factor of 2 (CV=0.043 at 2800 nm) and 3 (CV=0.063 at 4000 nm) toward the shortand long-wavelength edges, respectively, when Figure 4 : Intensity fluctuations of the SC generated in the multimode As 2 S 3 fiber measured for 5000 consecutive pulses at different wavelengths as indicated by the corresponding colors in Fig. 2 . CV: coefficient of variation defined as the ratio of the standard deviation to the mean intensity. compared to the intensity fluctuations of the pump pulses (CV=0.022, see inset in Fig. 1) . Interestingly, we also note that the noise level in the vicinity of the pump wavelength is lower than that of the input pump pulses. This is because in SPM-based SC generation, the spectral intensity in the vicinity of the pump wavelength varies proportionally to the pump pulse peak power and pulse duration. In the case of a mode-locked pump laser (such as the OPA used here), the peak power and duration are anti-correlated (i.e. an increase in one causes a decrease in another and vice-versa) such that during SC generation process the noise resulting from variations in the pump pulse duration and pump pulse peak power tend to cancel each other [32] .
In order to assess further the noise characteristics of the multimode SC generated in the allnormal dispersion regime against other pumping scheme, we performed a set of additional experiments in a 1-m long InF 3 multimode fiber using the same OPA source. The fiber has a core diameter of 100 µm similar to the As 2 S 3 fiber, and a numerical aperture of NA=0.26. The OPA was tuned to 1700 nm, which is located in the normal dispersion of the fundamental mode of the InF 3 fiber (ZDW at around 1850 nm) but, unlike for the As 2 S 3 fiber, corresponds to the anomalous dispersion regime for a large number of higher-order modes [23] . Figure 5 Shows the resulting SC spectrum extending from 1200 nm to 2400 nm (-40 dB bandwidth) for an input peak power of 1.4 MW.
The intensity fluctuations of the SC were quantified in different output wavelengths using a 15 MHz photodetector (PbSe; PDA10D-EC) and the results are plotted in Fig. 6 . One can see that the intensity noise in the SC spectrum is lowest in the vicinity of the pump wavelength and increases significantly toward both the short-and long-wavelength edges of the SC. The coefficient of variation is maximum at 2100 nm (CV=0.246) which is more than an order of magnitude compared to that of the pump pulses (CV=0.010, see inset in Fig. 1) , which is in marked contrast with the all-normal dispersion regime SC. This can be explained from the fact that the spectral components near the pump wavelength are mostly generated by SPM but as energy is transferred to the anomalous dispersion regime of the higherorder modes the long and short-wavelength SC spectral components are generated through soliton dynamics and phase-matched dispersive waves, respectively [23] , amplifying significantly the input pulses fluctuations and leading to the observed large intensity variations.
In conclusion, we have demonstrated the Figure 6 : Intensity fluctuations of the SC generated in the multimode InF 3 fiber measured for 5000 consecutive pulses at different wavelengths as indicated by the corresponding colors in Fig. 5 . CV: coefficient of variation defined as the ratio of the standard deviation to the mean intensity. generation of a low-noise, octave-spanning midinfrared supercontinuum in a 1-m long multimode chalcogenide fiber with 100 µm core diameter by injecting 350 fs pulses from an OPA in the normal dispersion regime of the fiber. Systematic measurements of the pulse-to-pulse fluctuations in different wavelength bands show that the noise of the input pulses is at most amplified by factor of 3. Furthermore, comparison with an octave-spanning SC generated partially in the anomalous regime of a 1-m long multimode fluoride showed that the all-normal pumping scheme using few hundred femtosecond pulses is a promising approach to generate a high-power broadband SC source for noisesensitive applications such as remote sensing or imaging.
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